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Open access under the ElseviThe search for alternative triglyceride sources for biodiesel production is a widely discussed issue in
Brazil because of the initiation of the Brazilian biofuel program. The viability of biodiesel production from
the oil of Raphia taedigera Mart., commonly known as jupati, is studied in this work. This paper presents
the obtention and characterization of biodiesel from jupati using an ethylic route with a methane sulfonic
acid reaction catalyst. The alcohol:oil molar ratio was 9:1, and the catalyst concentration was 2% of the oil
mass. The yield of the process was 92% by mass, and the oil conversion into jupati ethylic biodiesel was
99.6%. The physical and chemical parameters of jupati ethylic biodiesel were within the limits set by the
National Agency of Petroleum, Natural Gas and Biofuels (ANP).
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Most of the energy consumed worldwide comes from oil, coal
and natural gas. However, these sources are not renewable and
are expected to run out in the near future [1]. Moreover, fossil fuels
are heavy polluters that aggressively affect the environment. These
are just some of the reasons for studying alternative energy
sources.
Rudolf Diesel [2] proposed the use of vegetable oil in diesel cy-
cle engines; however, the direct use of vegetable oil or a diesel
oil/vegetable oil mixture in diesel engines has the following
disadvantages: incomplete burning, accumulation of oily material
in the nozzle, formation of deposits in the combustion chamber,
low power output and unpleasant odor caused by acrolein
(CH2@CHACHO) formation, which is very toxic [3].
Researchers have turned to biodiesel in the search for an alter-
native fuel that is economically competitive, environmentally
friendly and readily available [4–6]. Biodiesel is deﬁned as the alkyl
esters of long chain carboxylic acids derived from renewable
sources, such as vegetable oil or animal fat; and used directly in
compression ignition engines (diesel cycle engines). Biodiesel can
be obtained from the transesteriﬁcation (which is actually alcohol-
ysis) of vegetable oil in the presence of primary alcohols. This reac-
tion is promoted by a catalytic acid or base, and alcohol excess is
necessary because of the reaction reversibility.
Compared to petroleum-based fuels, biodiesel is advantageous
because it is not only renewable but also virtually free of sulfur.
er OA license.and aromatics [7], providing cleaner combustion without the for-
mation of SO2 and carcinogenic polycyclic aromatic hydrocarbons.
The Brazilian government authorized the use of biofuels to
diversify the energy matrix, thereby inserting biodiesel fuel into
the national fuel market [8]. The initial commercial use of biodiesel
was the addition of 2% biodiesel to mineral diesel. However, Reso-
lution No. 6 of the National Council of Energy Policy (CNPE) states
that, beginning January 1st, 2010, diesel fuel sold in Brazil must
contain 5% biodiesel.
The main source of vegetable oil for biodiesel production in Bra-
zil is soy, but other oilseeds, such as sunﬂower, cotton and palm,
are used as raw materials. One of the characteristics of biodiesel
is regionalization, which emphasizes the use of locally available
raw materials. In the northern region of Brazil, the government
suggests palm and soy oilseeds for biodiesel production. However,
the commercial cultivation of these oilseeds may lead to illegal
deforestation, causing other environmental problems. A possible
solution to this problem is sustainable forest management and
the use of native oilseeds, which warrants research into alternative
oil sources from Amazonian species. A typical oilseed from the
Amazon is jupati (Raphia taedigera Mart.), a down-spikelet palm
with large, long leaves that grows on land ﬂooded by tide, rivers
and low-lying islands. The fruits have an average weight of 45
grams and contain about 1.5% oil. They are ellipsoidal and about
7 cm long and 3–4 cm in diameter, consists of a core coated with
an oily yellow mass, which is covered by an epidermis of cartilag-
inous scales [9], as shown in Fig. 1. Its production is estimated in
300 metric ton/km2 year. The natural occurrence area this oilseed
extends to 2400 km2 and so the production of jupati oil could reach
up 10,800 t/year, without destroy the rainforest.
Fig. 1. Jupati fruit.
2946 Leyvison Rafael V. da Conceição et al. / Fuel 90 (2011) 2945–2949Jupati oil was obtained from a cooperative that employs sus-
tainable management of the resources in the Amazon rainforest,
as encouraged by the government. Due to the amount of work re-
quired in small-scale oil extraction, the oil was of low quality (high
acidity), and acid catalysis was therefore necessary. Jupati biodie-
sel was obtained by transesteriﬁcation using ethanol as the tran-
sesteriﬁng agent and methane sulfonic acid as the catalyst.
The choice of ethanol over methanol was justiﬁed by the con-
solidation of the sugarcane industry in Brazil and its renewability
and lower toxicity. Methanol is non-renewable because it is tradi-
tionally produced from fossil sources. Additionally, ethylic ester in-
creases the octane number, optimizing the diesel engine yield. This
is because ethanol has one more carbon atom than methanol [10].2. Materials and methods
2.1. Reagents
Jupati oil was obtained from the Multi-Products of San Antonio
Cooperative (CMSA), located on the shores of the Parauau river on
the Siriri island in the municipality of Breves, Marajo island –
Pará, Fig. 2. The coordinate of cooperative are as follow: latitude
– 0147.6580S, longitude – 5019.3430W.Fig. 2. Geographical localization of multi-Ethanol (99.5%) and anhydrous sodium sulfate (99%) were pur-
chased from Synth. Sodium bicarbonate (99%) was purchased from
Nuclear, and methane sulfonic acid was supplied by Agropalma
S.A. Reagents were used without further puriﬁcation.
Reagents and chromatographic patterns, including the methyl
esters of fatty acids (C 4:0–C 24:0), MSTFA (N-methyl-N-trimethyl-
silyl-triﬂuor acetamide), C 17:0 (methyl-heptadecanoate, 99.9%)
and tricaprin butanetrioltrinitrate, were purchased from Aldrich.
Heptane was purchased from VETEC. All reagents were of analyti-
cal grade purity.
2.2. Obtaining ethyl esters
A heater blanket with stirring, a condenser and a 500 mL round
bottom ﬂask were used for the transesteriﬁcation reaction.
The reaction mixture, containing ethanol and jupati oil in a
9:1 M ratio and the methane sulfonic acid catalyst (2% concentra-
tion with respect to the oil mass), was processed under reﬂux
(80 ± 2 C) and stirring for 10 h. After the reaction, the mixture
was transferred into a 500 mL separatory funnel for separation of
the esters (upper phase) from glycerol (lower phase). The glycerol
was removed.
2.3. Ester puriﬁcation
The esters were washed with 50 mL of distilled water and
50 mL of 5% sodium bicarbonate solution to remove impurities
such as alcohol, glycerol and residual catalyst. The esters were then
dried with anhydrous sodium sulfate (10% with respect to the oil
mass) and ﬁltered through a sintered plate funnel. After washing
and drying, the esters were distilled at reduced pressure. The reac-
tion yield (m/m) was determined, and the biodiesel was
characterized.
2.4. Physico-chemical characterization of jupati oil
The fatty acid composition of jupati oil was determined by gas
chromatography (GC) according to the AOCS Ce 1-62 ofﬁcial meth-
od. A chromatograph with a Varian CP 3800 self-injector and a
ﬂame ionization detector (FID) was employed with the following
features: CP WAX 52 CB capillary column 30 m in length,
0.32 mm internal diameter and 0.25 lm in ﬁlm. Helium gas wasproducts of San Antonio cooperative.
Table 1
Chemical composition of jupati and palm oil.
Fatty acid Concentration (%)
Jupati oil Palm oila
Lauric (C 12:0) – 0.18
Myristic (C 14:0) 0.3 0.7
Palmitic (C 16:0) 32.0 41.4
Palmitoleic (C 16:1) – 0.12
Estearic (C 18:0) 0.5 4.5
Oleic (C 18:1) 47.5 43.5
Linoleic (C 18:2) 19.0 8.6
Linolenic (C 18:3) 0.7 0.18
Arachidic (C 20:0) – 0.3
a Supplied by Agropalma S.A.
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program was T1 = 80 C for 2 min, R1 = 10 C/min, T2 = 180 C for
1 min, R2 = 10 C/min, T3 = 250 C for 5 min.
The acidity, peroxide, saponiﬁcation, and refractive indices and
the index of unsaponiﬁable matter were determined according to
the AOCS Cd 3d-63, Cd 8-53, Tl 1a-64, Cc 7-25, Ca 6b-53 ofﬁcial
methods, respectively. The refractive index was measured with a
refractometer from the Milton Roy Company coupled with a ther-
mostatic bath (model C 10) from Thermo Haake. The humidity, oxi-
dative stability, and calculated iodine index were determined
according to the AOCS Ca 2b-38, Cd 12b-92, and Cd 1c-85 ofﬁcial
methods. The speciﬁc gravity at 20 C was determined using the
ASTM D 4052 method with an automatic densimeter (model
DA-500) from KEM. The kinematic viscosity at 40 C was deter-
mined using the ASTM D 445 method and an automatic viscosity
analyzer (model VH1) from ISL. The oxidative stability was mea-
sured with a 743 Rancimat from Metrhom.2.5. Physico-chemical characterization of jupati ethylic biodiesel
The appearance was determined visually. The ester content was
determined by GC according to the EN 14103 standard with the GC
setup and instrument parameters described above. The micro car-
bon residue determination was performed according to the ASTM
D 4530 standard with a micro carbon residue analyzer from
ALCOR. The copper corrosion determination was performed
according to the ASTM D 130 standard using a bath from Koehler.
The free glycerin, total glycerin, mono-, di- and triglycerides
contents were determined by GC according to ASTM D 6584 stan-
dard, using the system described above but with a 15 m long CP
9079 Varian capillary column with a 0.32 mm internal diameter
and 10 lm in ﬁlm. The sulfated ash content was determined
according to ASTM D 874 standard with a mufﬂe from
Linn-Elektro-Therm. The alcohol content was determined by GC
according to the EN 14110 standard with a Teledyne Tekmar HT3
Headspace instrument coupled to the same GC setup as was used
for the ester content determination. The temperature program
was T1 = 50 C for 5 min.
The ﬂash point was determined according to the ASTM D 1993
standard using an Automatic Pensky-Martens Flashpoint (model
APM 7) from Tanaka. The cold ﬁlter clogging point was determined
according to the ASTM D 6371 standard using a clogging cold ﬁlter
point (model AFP-102) from Tanaka. The water content was deter-
mined according to the ASTM D 6304 standard using an 831 KF
Coulometer fromMetrhom. The oxidative stability was determined
using the instrument described in the previous section and the EN
14112 standard. The speciﬁc mass at 20 C was determined accord-
ing to the ASTM D 4052 standard using an automatic densimeter
(model DA-500) from KEM. The kinematic viscosity at 40 C was
determined according to the ASTM D 445 standard using a VH1
automatic viscosity analyzer from ISL. Finally, the acid index was
determined according to the EN 14104 method.Table 2
Physical–chemical properties of jupati oil and palm oil.
Properties Jupati oil Palm oil
Acidity index (mg KOH/g) 8.0 ± 0.4 0.3
Saponiﬁcation index (mg KOH/g) 193.0 ± 0.7 190.0–209.0a
Unsaponiﬁable material index (%) 2.65 ± 0.07 61.2a
Peroxide index, mEq O2 (kg) 13.0 ± 1 66.0a
Refraction index 1.4630 ± 0.0006 1.4540–1.4560a
Speciﬁc mass at 25 C (g/cm3) 0.9166 ± 0.0001 0.8910–0.8990a
Kinematic viscosity (mm2/s) 42.0 ± 0.05 47.70
Oxidation stability (h/110 C) 12.35 ± 0.1 141.34
Humidity (%) 1.0 ± 0.5 61.0a
Iodine index 75.1 ± 0.1 51.0–55.0a
a Supplied by Agropalma S.A.3. Results and discussion
3.1. Jupati oil characterization
Table 1 shows the fatty acid composition of jupati oil and, for
comparison, palm oil. Jupati oil is comprised of 32.8% saturated
fatty acids and 67.2% unsaturated fatty acids. Because the methy-
lene groups adjacent to double bonds are very susceptible to at-
tacks from free radicals and the oxidation rates of linoleic and
linolenic acids are 12 and 25 times greater than that of oleic acid,
respectively [11,12], jupati oil is expected to have less oxidative
stability than palm oil (Elaeis guineensis). This situation isillustrated by the results of the oxidative stability test, in which
the induction periods were 12.35 h for jupati oil and 141.34 h for
palm oil [13]. Interestingly, palm oil has roughly half the linoleic
acid content of jupati oil. Another property related to storage and
conservation conditions of oil is the peroxide index, which was
13.0 mEq O2/kg for jupati oil (the peroxide index of palm oil is only
6), slightly higher than the maximum allowed for cold-pressed and
unreﬁned oils, which is 15.0 mEq O2/kg [14].
Table 2 presents the physico-chemical properties of jupati oil
obtained in this work.
The acidity of oil is extremely important for catalyst selection.
The use of basic catalysts are recommended when the oil has an
free fatty acid (FFA) value of less than 3%, because the saponiﬁca-
tion reaction may compromise the transesteriﬁcation reaction efﬁ-
ciency [6]. This competition decreases the conversion efﬁciency
and hinders the separation of ester and glycerol phases.
The acidity of jupati oil was 8.0 mg KOH/g, which was a deter-
mining factor to the choice of an acid catalyst because a basic cat-
alyst would require oil neutralization, adding an extra step to the
process. This was undesirable because the other goal of this work
was to propose the use of oil under the conditions which it is pro-
duced in the cooperative, without requiring treatment.
The saponiﬁcation index of 193.0 mg KOH/g for jupati oil is con-
sistent with the higher average molecular mass of its fatty acids
because these characteristics are inversely proportional. For exam-
ple, tucumã oil (Astrocaryum vulgare) has a 239.6 mg KOH/g sapon-
iﬁcation index because it is primarily composed of C 12: 0 and C
14: 0 [15].
Jupati oil was 1% water due to extraction procedure described
above. This relatively high value can promote triglyceride hydroly-
sis reactions, turning them into free fatty acids, contributing to the
acidity index increase and reducing the oil’s oxidative stability via
hydrolytic rancidity [16]. To reduce the water content in the jupati
oil, it was dried with anhydrous sodium sulfate for 1 h.
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increasing triglyceride chain lengths and increasing degrees of
unsaturation, which is described by the iodine index [16]. This
relation is observed when comparing jupati oil with sunﬂower
and palm oils because jupati oil has refractive and iodine indices
of 1.4630 and 75.06, respectively, while sunﬂower and palm oil
have refractive indices of 1.4679 and 1.4550 [17] and iodine values
of 143.0 and 53.0, respectively. The sunﬂower oil refractive and io-
dine indices are higher because of its higher percentage of unsatu-
rated fatty acids (88.0%) compared to jupati oil (67.2%), which in
turn has higher indices than palm oil (52.4%).
The kinematic viscosity determined for the jupati oil was
42.0 mm2/s, lower than that of palm oil (47.70 mm2/s). This fact
suggests that jupati oil will have better miscibility of the reactant
and the catalyst in the biodiesel synthesis because highly viscous
oils require strong agitation, especially at the beginning of the
reaction. Palm oil has a higher kinematic viscosity than jupati oil
because it has a lower degree of unsaturation [18].
In summary, the physico-chemical analysis of the oil used for
biodiesel production demonstrates its quality when the necessity
of pre-treatment of raw materials is in question, and the recom-
mended catalyst is established through the results of this analysis.3.2. Physicochemical characterization of jupati ethylic biodiesel
In Brazil, the ANP’s Resolution No. 7 (National Agency of Petro-
leum, Natural Gas and Biofuels), implemented on March 19, 2008,
establishes the pure biodiesel speciﬁcation (B100) and the meth-
odologies for its characterization.
The values established are comparable to the internationally ac-
cepted standards (EN 14214 and ASTM D 6751). The methods,
however, should be conducted in accordance with the standards
of the Brazilian Association of Technical Standards (ABNT), the
American Society for Testing and Materials (ASTM), International
Organization for Standardization (ISO) and the European Commit-
tee for Standardization (CEN).
Table 3 presents the results of the physico-chemical properties
of jupati ethylic biodiesel.
Several factors inﬂuence the viability of biodiesel production,
including the process yield and product purity.
For the synthesis route presented here, both the process yield
and product purity are very high considering the technical disad-
vantages of this biodiesel production method, such as low quality
raw material and use of acid catalysis and the ethylic route.Table 3
Physical–chemical properties of ethyl jupati biodiesel and the ANP limits.
Properties RANP No. 07/2008 Ethyl jupati biodiesel
Appearance 25 C LII LII
Speciﬁc mass at 20 C (kg/m3) 850–900 869.7 ± 0.1
Kinematic viscosity
at 40 C (mm2/s)
3.0–6.0 4.0 ± 0.04
Water content, max (mg/kg) 500.0 447.3 ± 0.01
Flash point, min (C) 100.0 185.0 ± 0.5
Ester content, min (% mass) 96.5 99.6 ± 0.1
Carbon residue (% mass) 0.050 0.010 ± 0.01
Sulfate ash, max (% mass) 0.020 0.004 ± 0.001
Copper corrosion, max 1 1
Cold ﬁlter plugging point,
max (C)
19.0 11.0 ± 1
Acidity index, max (mg KOH/g) 0.50 0.42 ± 0.1
Free glycerin, max (% mass) 0.02 0.007 ± 0.001
Total glycerin, max (% mass) 0.25 0.120 ± 0.001
Monoglycerides (% mass) – 0.397
Diglycerides (% mass) – 0.060
Triglycerides (% mass) – 0.009
Ethanol, max (% mass) 0.20 0.00 ± 0.01
Oxidation stability, min (h) 6.0 6.5 ± 0.1The process yield was 92.0% with respect to the initial oil mass
used in the reaction, and the ester content of jupati biodiesel was
99.6%, demonstrating a great conversion of triglycerides into esters
under these synthetic conditions. For comparison, castor bean eth-
ylic biodiesel with a 60:10 alcohol:oil molar ratio, 2% catalyst con-
centration and a 10 h reaction time [19] had ester concentrations
of approximately 50.0% and 40.0% using HCl and H2SO4 catalysts,
respectively.
The purity of the jupati biodiesel indicates that the synthesis
process proposed here is efﬁcient with excellent performance
and extremely high ester content despite use of acid catalysis, an
alcoholic route and the poor quality of the starting materials. There
are few studies using these conditions in the literature because
their use usually implies low yields, low conversions and difﬁculty
in phase separation. Therefore, some authors choose to treat the
raw material, allowing the use of basic catalysts [20,21]. Others
choose to use methanol because of its lower cost, high conversion
and ease of phase separation [22,23].
Jupati ethylic biodiesel showed no glyceride, free glycerin or to-
tal glycerin contamination, which is extremely important for the
product quality and indirectly shows the optimal conversion of tri-
glycerides into esters. The values of these contaminants are very
low and do not affect properties such as density, which presented
the value of 869.7 kg/m3, within the limits stipulated by the ANP.
The kinematic viscosity determined for jupati biodiesel was
4.0 mm2/s, which is within the limits stipulated by the ANP. This
suggests that biodiesel from jupati oil will not experience prob-
lems related to high viscosity such as the formation of a liquid
jet instead of clouds of small drops when injected into the combus-
tion chamber, which can lead to nozzle clogs.
The ﬂash point of jupati ethylic biodiesel is favorable, being
about three times higher than that of diesel type B, which is
59 C [24]. The ﬂash point for biodiesel samples varies with the
type of oil and alcohol used in its production. For example, babassu
and sunﬂower ethylic esters have ﬂash points of 122.0 and
174.0 C, respectively [25,24]. The ﬂash point determined for jupati
biodiesel was 185.0 C, higher than the minimum established by
the ANP. This ensures greater safety in the handling, storage and
transportation of this fuel.
If the residual alcohol concentration in biodiesel is high, the
ﬂash point may be erroneously determined because the ﬂash point
would be derived from the inﬂammation of alcohol vapors present
in the biodiesel and not the ester vapors. The alcohol content
determined for jupati ethylic biodiesel was 0.00% by mass.
The water content determined for jupati ethylic biodiesel was
447.3 mg/kg. This value is below the maximum allowed by the
ANP and favors the low proliferation of microorganisms in the fuel,
contributing to the ester stability and the good functioning of the
injection system. The low water content in jupati biodiesel indi-
cates that it would not experience corrosion of the parts of the die-
sel injection systems that are constructed of high carbon content
steel [26]. When biodiesel has a high concentration of reaction
intermediate products such as mono-and diglycerides, it tends to
absorb water; however, this inconvenience is minimized by the
low content of contaminants in jupati biodiesel.
The sulfated ash value in jupati ethylic biodiesel was 0.004% by
mass, which is considerably below the maximum limit stipulated
by the ANP. This implies that problems such as piston and cylinder
wear [27] related to high ash concentrations will not be drawbacks
for jupati biodiesel, contributing to the product’s high quality.
Like inorganic solids that are measured by the sulfated ash test,
sulfur compounds may originate from the catalyst used in the bio-
diesel synthesis. The parameter of corrosiveness to copper for
jupati biodiesel is 1, suggesting that biodiesel will not present cor-
rosion problems that damage engine parts consisting of metal
alloys. The value satisﬁes the limit set by the ANP.
Leyvison Rafael V. da Conceição et al. / Fuel 90 (2011) 2945–2949 2949Despite the use of an acid catalyst, the acid index of jupati bio-
diesel was 0.42 mg KOH/g, below the limit set by the ANP. This
contributes to the catalysis reduction of intermolecular triacylglyc-
erol reactions and does not signiﬁcantly affect the fuel thermal sta-
bility in the combustion chamber [27] or increase the corrosion of
the metal parts in the engine. High values of this index inﬂuence
the hydrolysis and oxidation of biodiesel.
The value for the micro carbon residue analysis was 0.01% by
mass, roughly 10 times lower than the maximum stipulated by
the ANP. A high carbon residue indicates that deposits may form
inside the cylinder during combustion, limiting the movement of
the inner nozzle moving parts [27]. Due to the high oxidation sus-
ceptibility of the CH2-allylic positions in the double bonds in fatty
acid chains and the bis-allylic positions in the naturally occurring
polyunsaturated fatty acids (AGPI), the jupati ethylic biodiesel
was less stable to oxidation than the palm ethylic biodiesel, with
a 6.5 h induction period compared to 7.6 h for palm ethylic biodie-
sel. However, the minimum value stipulated by the ANP is 6.0 h,
and jupati ethylic biodiesel meets this requirement. Stability to
oxidation is crucial for biodiesel quality, mainly to accommodate
long storage periods.
Transesteriﬁcation does not alter the fatty acid composition of
the source material [27]. Therefore, the biodiesel produced from
raw materials that contain high concentrations of long-chain satu-
rated fatty acids tends to have high cold clogging ﬁlter tempera-
tures. For example, the temperatures of the clogging point for
palm methyl biodiesel and palm ethylic biodiesel are about 16 C
and 30 C, respectively.
These values show that the biodiesel clogging point is inﬂuenced
by the type of alcohol, in addition to the type of vegetable oil, used in
the reaction. Jupati ethylic biodiesel presents a clogging point tem-
perature of 11 C; about 20 C below that of palm ethylic biodiesel.
This is due to the fatty acid composition of jupati oil, which has sig-
niﬁcantly smaller saturated fatty acids concentrations thanpalmoil.
The physico-chemical parameters of jupati ethylic biodiesel are
excellent. The results of this study contribute to the efforts to pro-
duce a high-quality fuel in our region without contributing to
deforestation, given that plant oil extraction is part of a responsible
forest management system.
4. Conclusion
The acid catalysis and ethanolic route are recognized as unfa-
vorable conditions to produce biodiesel with high yield and purity.
However, the production of high-quality biodiesel from low-qual-
ity oil derived from naturally occurring oilseeds can be feasible.
The 92% yield and 99.6% conversion reported in this paper far
above the literature values that employ acid catalyst and ethanol.
Finally, the high efﬁciency of the separation and puriﬁcation pro-
cesses are indicated by the high quality of the biodiesel produced.
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